ABSTRACT A phylogenetic analysis was conducted of the Anthonomus grandis species group (Coleoptera: Curculionidae) and used to test various hypotheses concerning the evolution of these weevil species with their host plants. Phylogenetic Comparison of the phylogeny of the A. grandis group with that of a previously published phylogeny of Hampea showed little congruence, suggesting that the species of weevils are associated with Hampea as a result of host shifts and colonization processes, as opposed to co-speciation or coevolution (parallel cladogenesis). Mapping habitat associations and geographic distributions onto the phylogeny of the A. grandis group indicate that weevil preference for general habitat type (montane versus lowland habitats) and geographic proximity of species of Hampea were probably the principal factors responsible for observed associations of the weevils with their respective host plants. Possible characteristics of the A. grandis group, which may favor colonization as opposed to cospeciation processes in the association of its host plants, are discussed in light of these results.
THE COTTON BOLL weevil, Anthonomus grandis Boheman, is one of the most important agricultural pests of the New World. Although the boll weevil was described over 150 yr ago, no species closely related to it were known until relatively recently ). The lack of such knowledge has limited the possibilities for comparative biological, morphological, and genetic studies, which could provide insight into its origin and evolution. Burke and Cate (1979) described the Þrst species with clear afÞnities to A. grandis. This species, Anthonomus hunteri Burke & Cate, is restricted to Hampea trilobata Standley that is endemic to the Yucatan Peninsula. Recent Þeld work in southern Mexico and Central America resulted in the discovery of three new species of anthonomine weevils that are closely related to the boll weevil. The following Þve species currently constitute the Anthonomus grandis species group (Jones and Burke 1997) : A. grandis Boheman, A. hunteri Burke & Cate, A. mallyi Jones & Burke, A. palmeri Jones & Burke, and A. townsendi Jones & Burke. All species of the group reproduce on species of the genus Hampea (Malvales: Malvaceae) in Mexico and Central America; only A. grandis has expanded its host range to develop plants other than this genus (Burke and Cate 1979 , Burke et al. 1986 , Jones and Burke 1997 .
How closely associated the evolutionary history of a taxon of phytophagous insects is to that of their host plants is a question that can be addressed using phylogenetic methods (Mitter and Brooks 1983) . Comparison of the phylogenies of insect taxa with those of their associated host plants may also produce evidence as to whether observed associations are the result of evolution by common descent (parallel cladogenesis due to cospeciation or coevolution) or the result of host shifts and radiation of the insect taxon in a manner not directly associated with speciation of its host plants.
Despite intense interest in the relationships of phytophagous insects and their hosts and whether these are the product of "coevolution" (Ehrlich and Raven 1964 , Janzen 1980 , Futyuma and Slatkin 1983 , relatively few attempts have been made to develop robust phylogenetic analyses to address speciÞcally questions of whether such associations result from common descent or colonization (Mitter and Brooks 1983 , Farrell et al. 1992 , Anderson 1993 . Evidence for congruent phylogenies has been demonstrated only for two insect-host plant associations: Phyllobrotica leaf beetles and the Lamiales (Farrell and Mitter 1990 ) and the symbiotic association of pollinator wasps and Þgs (Herre et al. 1996) . Phylogenetic comparisons have also been used to study the association of Attini ants and their symbiotic fungi based on molecular characters (Chapela et al. 1994 , Hinkle et al. 1994 ; these associations were found not to be congruent.
Several attributes of the A. grandis species group and their Hampea hosts make this an excellent model for investigations of insect/plant associations. First, evidence from previous studies (Fryxell 1969 (Fryxell , 1979 and results presented herein indicate that each of the constituent groups, Hampea and the A. grandis species group, is monophyletic, an essential criterion to address questions concerning ancestral associations. Second, four of the Þve species of the A. grandis group are apparently monophagous, thus facilitating the comparison of phylogenies (Anderson 1993) . Third, because of the importance of A. grandis as a pest of cotton, large series of specimens from many geographic areas and different hosts have been available for study, allowing evaluation of the effects of host plants on general morphology and the intraspeciÞc variation within the group (Burke 1986 , Burke et al. 1986 ).
The results presented here provide a phylogenetic evaluation of the evolution of the species of the A. grandis group and their Hampea hosts. A phylogeny of the genus Hampea has been published . A phylogeny of the Þve known species of the A. grandis group is presented here. Comparison of the topologies of these phylogenies permits the evaluation of several hypotheses based on levels of congruency between the two groups of organisms and biogeographic implications of the phylogenies. The four hypotheses evaluated were as follows: (1) Hampea is the ancestral host plant of A. grandis species group; (2) Gossypium or another plant group is the ancestral host of the A. grandis group; (3) associations of Anthonomus species and their hosts are the result of paired speciation events, i.e., parallel cladogenesis; and (4) associations of Anthonomus species and their hosts are the result of host switching and colonization processes. The congruency of the proposed phylogenies and determination of which evolutionary hypotheses best explain the observed phylogenetic, geographic and general habitat data are presented. These results provide information as to how the A. grandis group evolved with its Hampea host plants and possible clues as to why one of the members of the group, A. grandis, has become a pest of cotton (Gossypium spp.).
Materials and Methods
Study of the A. grandis group involved character analysis of 808 specimens. These specimens were obtained by rearing weevils from infested buds of Hampea plants collected in the Þeld and from preserved material in the Insect Collection of the Department of Entomology, Texas A&M University. In addition to the Þve species of weevils collected from Hampea, representative samples of each of the "forms" of A. grandis ("Southeastern," "Mexican," and "Thurberia" boll weevils) as designated by Burke (1986) Many morphological characters of adult weevils were examined for possible use in a phylogenetic analysis of the A. grandis species group. Larvae and pupae of all species of the group were also examined, but no useful characters for phylogenetic analysis were found. Characters used by Burke (1986) to distinguish forms of A. grandis were also examined for possible use in phylogenetic studies. Adult characters examined included pronotal and elytral setal type and arrangement, profemur shape, scutellum shape and alignment, antennal coloration, spermatheca, and size and shape of the body, especially the elytra. Additional characters examined involved differences in the shape and curvature of the male median lobe, form of rostral carinae, rostral punctures, and the shape of the basal margin of the elytra. Specimens of A. grandis reared from various host plants aided in evaluation of the effects of host plants on general morphology and the intraspeciÞc variation within the group. Based on this morphological analysis, eight useful adult characters were selected and categorized into discrete states (Table 1). These characters are discussed and illustrated in Jones and Burke (1997) .
To deÞne rostrum shape (character 2), measurements were made using the morphometrics software program, MorphoSys:Version 1.26 R (Meacham and Duncan 1990) . The length of the rostrum was measured in lateral view from the ventral-most portion of the eye to the point of attachment of the mandible. The diameter of the rostrum was measured as the shortest distance across the rostrum at the distal-most point of the antennal insertion cavity. These measurements were made using a dissecting microscope with an attached video camera connected to a video monitor. Points were selected directly on the projection of the selected character using a mouse, and the projection captured as coordinates and stored on a frame Þle. Frame Þles were translated to measurements (distances) in MorphoSys using the appropriate conversion factors. The calculated ratio (rostrum length to width) was found to be distinct and the values nonoverlapping, which permitted the assignation of well-deÞned character states (Table 1) . Males and females were analyzed separately for all characters except where no differences between sexes were found, as was the case for prothoracic setae and punctures (characters 7 and 8, respectively, Table 1 ).
The subgenus Anthonomorphus was chosen as an outgroup for several reasons. First, adults and immature stages of the subgenus have morphological similarities with species of the grandis group as discussed by Burke (1986) , Ahmad and Burke (1972) , and Clark and Burke (1986) . Second, Barcenas-Ortega (1992) found that Anthonomorphus and the A. grandis group share relatively large numbers of chromosomes when compared with other species of the genus Anthonomus (haploid Ͼ 17). Third, both Anthonomorphus and the A. grandis group exclusively use ßowers buds of the family Malvaceae as oviposition sites.
From the data matrix (Table 2) , an exhaustive search (exact method) was conducted using PAUP (Swofford 1990 ). The phylogenies of the A. grandis group and their Hampea host plants were compared by eliminating all species of Hampea that are not known to be hosts of Anthonomus and comparing the phylogeny of those that are conÞrmed hosts with the phylogeny of the A. grandis species group.
The various proposed hypotheses concerning the evolution of the boll weevil group and its ancestral host plants were evaluated by comparing the number of Anthonomus host shifts or dispersal events required under each speciÞc hypothesis with the assumption that the scenario with the least number of host shifts was the most parsimonious. In addition, various ecological and geographic traits were mapped onto the weevil cladogram to evaluate other possible factors in the observed associations of the species of the A. grandis group with their Hampea hosts.
Results and Discussion
Phylogenetic Analysis of the A. grandis Species Group. Using the data matrix in Table 2 , a minimum length tree of 12 steps was calculated in PAUP using exact methods (Fig. 1) . The consistency and retention indices were 1.0 and 1.0, respectively, indicating that no homoplasy was necessary to explain the data.
Two principal clades were found (Fig. 1) . One is composed of A. townsendi and A. palmeri and the other of A. grandis, A. hunteri, and A. mallyi. The Þrst clade is supported by one synapomorphy (median lobe apex wider than long), whereas the second clade is supported by three synapomorphies (strongly curved median lobe, rounded and blunt prothoracic setae, and shallow, conßuent prothoracic punctures). Anthonomus hunteri and A. mallyi share the unique characters of constricted median lobe apex and narrow female rostrum with more proximal antennal insertions. Ambiguous character state assignments to internal nodes were the result of polymorphisms found in A. grandis (characters 1 and 3) and A. hunteri (character 4) and did not affect tree topology.
Ancestral Host Plant of the A. grandis Species Group. The topology of the proposed phylogeny of the A. grandis species group strongly supports the hypothesis that Hampea is the ancestral host plant genus as proposed by Fryxell and Lukefahr (1967) and Burke et al. (1986) . Because A. grandis is the only species of the group known to use host plants other than Hampea, one generic host shift is postulated to be necessary within the A. grandis lineage to explain the presence of A. grandis on Gossypium. Thus, the most parsimonious reconstruction of the ancestral host plant association of the A. grandis group is for the common ancestor of the group to be a monophagous species on a species of Hampea. In comparison, three A further possibility is that the common ancestor of the A. grandis species group used both Hampea and Gossypium as hosts. However, because four of the Þve species of the group are monophagous on Hampea, this hypothesis still requires at least two steps if oligophagous to monophagous feeding is considered a distinct evolutionary step. In addition to being less parsimonious, the scenario of an oligophagous common ancestor also presents the problem of the limited geographic range of the A. grandis group in relation to the distribution of Gossypium. Before the invasion of the boll weevil on cultivated cotton in South America in the 1950s, no member of the A. grandis group had been reported from South America where both diploid and tetraploid species of Gossypium occur (Fryxell 1979) .
Phylogenetic Congruency of A. grandis and Its Hampea Host Plants. The topologies of the phylogenies of the A. grandis species group and its Hampea hosts are not congruent (Fig. 2) . The host plants of the sister species A. townsendi and A. palmeri and the hosts of the sister species A. hunteri and A. mallyi are not themselves sister species and are relatively distant in the phylogeny of Hampea (Fig. 2) . The lack of congruency of the proposed phylogenies of the A. grandis species group and their Hampea hosts indicates that association of weevils on Hampea is not the result of association by descent (parallel cladogenesis).
The phylogenetic relationships of the A. grandis species group best Þt a pattern of speciation resulting from dispersal and sequential host shifts following the major diversiÞcation of Hampea species (Figs. 3 and  4) . The most closely related species of weevils occur on host plants in relative geographic proximity to one another, regardless of the plantÕs phylogenetic relatedness. One of the basal weevil clades, composed of A. grandis, A. hunteri, and A. mallyi, occurs on species of Hampea on the lowland Gulf and Caribbean coast of Mexico and Costa Rica (shaded distributions in Fig.  3) . The other clade, consisting of A. townsendi and A. palmeri, occurs on Hampea species on the PaciÞc Coast and Central Plateau of Chiapas (nonshaded distributions in Fig. 3) . The sister species A. hunteri and A. mallyi do not have adjacent distributions, but another species of Hampea, H. sphaerocarpa, occurs between their distributions and has not been investigated as an Anthonomus host plants (Fig 3) . If dispersal and subsequent host shifts best explains the association of the A. grandis group on Hampea, then it is predicted that if a weevil species is found on H. sphaerocarpa, it would be most closely related to A. hunteri and A. mallyi.
In addition to geographic proximity, host plants of related weevils also had similarities in altitudinal distribution, habitat type, and overall reproductive out- put (Fig. 4) . Host plants of A. townsendi and A. palmeri generally occur in small, isolated populations in montane, riparian habitats above 500 m in altitude, and the reproductive output of the plants is relatively low (Jones 1994) . In contrast, the Hampea hosts of A. grandis, A. hunteri, and A. mallyi are common species occurring below 500 m in altitude in secondary growth, and generally have high reproductive output (Fryxell 1979 , Stansly 1985 .
The association of H. latifolia with A. grandis in extreme southeastern Chiapas does not Þt the proposed dispersal hypothesis because this population is disjunct from that of A grandis on H. nutricia on the Gulf coastal plain. However, H. latifolia is also host to A. townsendi and is the only species of Hampea that maintains populations of two weevil species (Jones and Burke 1997 ). Anthonomus townsendi occurs on H. latifolia but only above 500 m in the Sierra Madre de Chiapas in relatively undisturbed habitats, whereas A. grandis occurs on H. latifolia at lower elevations on the coastal plain. This latter association may be the result of a fairly recent colonization of this host from the large populations of A. grandis developing on cultivated cotton in the region. Poor management of cultivated cotton produces enormous populations of the boll weevil, and it is postulated that these may have displaced native populations of A. townsendi weevils that previously occurred on H. latifolia in the lowlands.
Evolution of Hampea and Its Association with the A. grandis Group. Fryxell (1979) considers Hampea to be one of the youngest genera of the cotton tribe (Gossypieae), which is an apparently ancient (Cretaceous) taxon. This was concluded because the genus has a relatively restricted distribution (Mexico, Central America, and Northern Colombia) and its 21 species are not as highly differentiated among themselves as those of the remainder of the tribe. Those characteristics in common among the species of Hampea include the following: (1) similarity in growth habit (small to large sub-canopy trees); (2) species are early colonizers in forest openings and along roadsides; (3) growth is rapid (Marquis and Clark 1989) ; (4) the majority of species are dioecious; (5) ßowering period is limited to only a few months of the year; during the rainy season; (6) ßower production is generally prodigious; and (7) fruits are hard, woody capsules that open to a ßeshy aril, apparently being disseminated by birds or bats.
Although phylogenetic results presented here suggest that weevils of the A. grandis group colonized and radiated after major diversiÞcation of the species of Hampea, all species of the group have had to adapt to the common morphological and ecological traits of Hampea listed above. These adaptations form the basic blueprint for the evolution of the behavior and ecology of the group. A detailed, comparative analysis of how several species of the A. grandis group exploit their Hampea host plants will be the subject of a future publication.
In conclusion, results presented here support conclusions by Anderson (1993) that the associations of weevils on their host plants is generally the result of host transfer and colonization rather than through parallel cladogenesis or strict coevolution. This is not to say that the colonization of host plants by the A. grandis group does not occur along restricted pathways, inasmuch as all host plants of the taxon are species of the tribe Gossypieae (Malvaceae), and all but one species of the group is monophagous on a species of Hampea. Although the evolution of the A. grandis group is closely tied to Hampea, results presented here suggest that the speciation of the A. grandis group occurred after that of its Hampea hosts and subsequent patterns of association are the result of radiation of the group in accordance with geographic proximity and similarity of habitat.
The feeding/developmental site and behavior of Anthonomus weevils may explain, in part, why the association with their Hampea hosts is the result of host shifts and colonization processes. As with many anthonomines, both immatures and adults of the A. grandis group are primarily pollen feeders (Burke 1976 , Cate et al. 1990 ). This limits the possibilities for Hampea to evolve chemical defenses against weevils, because such adaptations would be counter-balanced by the necessity for pollen to be attractive and nontoxic to insect pollinators. Weevil larvae developing on Hampea feed entirely on pollen in ßower buds and generally do not feed on other structures that may contain secondary compounds. Although adult weevils may ingest some of the external structures of buds and fruits (calyces and fruit skin) where secondary compounds may be present, this contact is minimized because the elongate rostrum of adults permits penetration beyond these layers and feeding and oviposition among pollen sacs and fruit pulp. Thus, although the role of secondary compounds in coevolutionary scenarios is often considered the central mediating factor between plant and insects (Schultz 1988) , the evolution of novel defensive secondary compounds to reduce larval and adult feeding is probably less of a deterrent to feeding and survival of weevils of the A. grandis group compared with foliage feeders.
Of the species of the A. grandis group, only one species, the boll weevil (A. grandis), has been reported to develop on genera other than Hampea. The phylogeny of the group presented here suggests that the association of A. grandis with these other plant genera is the result of host shifts from an ancestral population on Hampea. That the boll weevil has proved more liable in its host selection when compared with its close relatives may be more a result of chance factors that led to a host shift from its Hampea host to either wild or domesticated cotton, than to speciÞc preadaptations which made it a superior "pest" species. One such factor may have been the coincidence of the range of the original host of A. grandis with that of the site of the initial domestication and cultivation of cotton. It is interesting to note that Stephans (1972) considered the Gulf Coast region near the borders of the Mexican states of Tabasco and Veracruz to be the most probable site of initial cotton domestication in Mesoamerica. This is also the region where A. grandis is currently found on both of its Hampea hosts, H. nutricia and H. rovirosae. If the initial host shift of the boll weevil from Hampea to cotton occurred in this region, this suggests that the shift may have occurred early in the domestication of cotton in Middle America.
Further study is needed to locate the remaining species of Hampea that have not been investigated as possible Anthonomus weevil hosts. The search for the remaining species of Hampea is urgent, because some populations are threatened by habitat destruction and because several species may already be extinct. Continued systematic work and ecological studies in the Þeld, including the chemical ecology of the association of Anthonomus and Hampea, are also needed to verify results found here, and gain new insights into evolution of the two groups of organisms.
